It is widely known that in real-time kinematic (RTK) solution, the convergence and ambiguity-fixed speeds are critical requirements to achieve centimeter-level positioning, especially in medium-to-long baselines. Recently, the current status of the global navigation satellite systems (GNSS) can be improved by employing low earth orbit (LEO) satellites. In this study, an initial assessment is applied for LEO constellations augmented GNSS RTK positioning, where four designed LEO constellations with different satellite numbers, as well as the nominal GPS constellation, are simulated and adopted for analysis. In terms of aforementioned constellations solutions, the statistical results of a 68.7-km baseline show that when introducing 60, 96, 192, and 288 polar-orbiting LEO constellations, the RTK convergence time can be shortened from 4.94 to 2.73, 1.47, 0.92, and 0.73 min, respectively. In addition, the average time to first fix (TTFF) can be decreased from 7.28 to 3.33, 2.38, 1.22, and 0.87 min, respectively. Meanwhile, further improvements could be satisfied in several elements such as corresponding fixing ratio, number of visible satellites, position dilution of precision (PDOP) and baseline solution precision. Furthermore, the performance of the combined GPS/LEO RTK is evaluated over various-length baselines, based on convergence time and TTFF. The research findings show that the medium-to-long baseline schemes confirm that LEO satellites do helpfully obtain faster convergence and fixing, especially in the case of long baselines, using large LEO constellations, subsequently, the average TTFF for long baselines has a substantial shortened about 90%, in other words from 12 to 2 min approximately by combining with the larger LEO constellation of 192 or 288 satellites. It is interesting to denote that similar improvements can be observed from the convergence time.
Introduction
With the fast development and widespread application of global navigation satellite system (GNSS), the demands of spatiotemporal information have already been changed from static to dynamic position, post to real-time process, and low to high precision. Currently, the real-time kinematic (RTK) positioning by using GNSS double-differenced (DD) observations can achieve centimeter-level positioning accuracy quickly after correctly performing the ambiguity resolution [1] . However, the RTK technique is limited to baseline length defined as the distance between the reference and rover stations, the main reason for which is that atmospheric activities above stations have an important influence on the DD ambiguity fixing [2] . For the short baselines with lengths usually shorter than 10 km, the remaining atmospheric delays, i.e., ionospheric and tropospheric delays can be significantly weakened or assumed negligible by forming DD observations, so that the carrier-phase ambiguities can be fixed correctly in short time, or even in one epoch [3] . On the other hand, the medium and long baselines with lengths up to tens or hundreds of kilometers, the remaining atmospheric errors, especially for ionospheric delays are hard to be eliminated by DD, which seriously affected the phase ambiguity fixing [4] .
In order to solve this problem, there are many methods of addressing ionospheric residuals or improving ambiguity fixing within multiple frequencies or systems [5] [6] [7] [8] [9] . Odolinski et al. analyzed the instantaneous long-baseline RTK performance using the ionosphere-float strategy, based on dual-frequency GPS and BDS data [10] . The results have been shown that GPS+BDS scheme can significantly shorten the time to first fix (TTFF) from 21 to 12 min in comparison to the GPS scheme and thus quickly achieve ambiguity-fixed baseline precisions at the mm-m level. Meanwhile, it is also demonstrated that the combined system can accelerate convergence to reach a dm-level precision under the circumstance of the ambiguity-float solution. In addition, the multi-baseline network based RTK system can significantly mitigate atmospheric delays at the rover station by using generated spatial information, Gomi et al. investigated the relationship between the ionospheric effect and the scale of two medium networks from the aspects of positioning result and ambiguity success rate [11] . While in some case, such as the forest and urban environments, RTK technique cannot be good enough to deliver practical application [12, 13] . Thanks to the appearance and development of low earth orbit (LEO) constellation with the orbit altitudes between 400 and 1500 km, which can provide much stronger signals against spoofing and jamming, as well as much faster movement speeds to improve satellites geometric distribution, compared with GNSS satellites [14, 15] . Possibly, it will be an alternative or a complement for existing solutions to enhance the RTK positioning and navigation performance by combining GNSS and LEO satellites.
In recent years, some reliable data fusion algorithms utilizing LEO constellations to improve GNSS positioning performance have been under study. Back in the 1990s, Enge et al. explored a method and an apparatus which using LEO satellite signals to augment GPS differential positioning in a Trimble's patent [16] . Rabinowitz et al. designed a receiver which is capable of tracking GPS and Globalstar LEO satellites [17] . It is found that the ambiguity resolution could be achieved within 4 min by introducing Globalstar LEO constellation alone to short-range (1-5 km) differential positioning, which attributes to the improvement of geometric condition at ground stations. Afterwards, some researches about integrating the iridium and current GNSS measurements have been carried out to investigate the contribution of LEO augmentation, such as fulfilling navigation integrity requirements, revisiting nominal measurement error models, and accelerating floating ambiguities estimation [18, 19] . Tian et al. examined the issue of rapid resolution of DD integer cycle ambiguities on short-baseline schemes by simulating an Iridium-like LEO constellation to augment GPS [20] . The result shows that higher ambiguity success rate and better ambiguity precision can be obtained through a hybrid MEO-LEO constellation scheme. Besides, more detailed simulation experiments and analyses have also been conducted to evaluate the performance of precise point positioning (PPP) with LEO constellation augmented GNSS [21] [22] [23] . Although there are many studies on the augmentation of LEO satellites, few experiments have been conducted on comprehensively investigating the medium-and long-range RTK performance.
In this paper, we focus on single-baseline RTK results using four kinds of LEO constellations in combination with GPS, all of which are based on the simulated pseudorange and carrier phase observations at ground tracking stations. The models considered for RTK in this work are divided into two types: short and medium-to-long baselines, which have been further introduced in Section 2, together with the simulation method of ground-based data. In Section 3, different constellation configurations, simulation situations, and data processing strategies are introduced, respectively, aiming to prepare for RTK positioning. After that the performances of different LEO constellations augmented GPS RTK are analyzed in Section 4 comprehensively. In Section 5, we will make an initial assessment of combined GPS/LEO RTK for different length baseline at mid-latitudes. Finally, the conclusions are summarized in Section 6.
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Methods
In this section, the approach of simulating observation for ground tracking stations and the combined GNSS/LEO DD observation equations is introduced in details, respectively. Especially, considering the need to parameterize the atmospheric delays for medium and long baselines, the observation models have been of short, medium-to-long baseline types.
Data Simulation
In this study, we simulate the LEO and GNSS observations for ground tracking stations. And a new system is designed by introducing the LEO ranging satellites transmitting similar frequency signals on the L1 and L2 bands to the GPS. The data simulation is essentially the reverse process of positioning, so the receiver/satellite position and clock are all known values in observation simulation processing. On this basis, the satellite-to-receiver geometric range can be computed, and the various range errors are also calculated by observation models, all which are finally brought together to constitute simulating observations with the random noise [23] . Moreover, the atmospheric residuals cannot be ignored for medium-to-long baselines, the ionospheric and tropospheric delays are simulated strictly according to the existing models to make the simulation situation as close as possible to reality.
The observation equations for the undifferenced (UD) pseudorange P and carrier phase Φ, respectively, can be expressed as:
with the subscript f = 1, 2, and i = 1, . . . , denote the carrier frequency and the epoch number, respectively; the superscript s and subscript r refer to the satellite and receiver respectively; P s r, f ,i and Φ s r, f ,i are code and phase observations which need to be simulated at epoch i; ρ s r,i is the geometric distance between the phase centers of satellite and receiver antennas;t i s and t r,i are the satellite and receiver clock offsets; I s r, f ,i is the ionospheric delay at the frequency f ; T s r,i is the tropospheric delay; b s f and b r, f are the code hardware delays for satellite and receiver signal, respectively; λ f is the wavelength of frequency f and N s r, f is the integer ambiguity; B s f and B r, f are the satellite-dependent and receiver-dependent uncalibrated phase delay; e s r, f ,i and ε s r, f ,i denote the mixture of measurement noise and multipath error for code and phase observations, respectively.
In terms of pseudorange and phase observation simulation, the primary concern is to calculate all the components on the right side of (1) and (2) . Meanwhile, considering the atmospheric residuals are the main cause of DD ambiguity resolution, the ionospheric and tropospheric delays will be simulated based on the real observables. The ionospheric delay is related to the total electron content (TEC) which can be calculated by the global ionosphere maps (GIM) from Center for Orbit Determination in Europe (CODE). Particularly, the ionospheric-delay simulation of the LEO observation must multiply by one related coefficient based on GIM calculations due to the large difference with GNSS satellites in orbit altitude [24] . Regarding the tropospheric delays, which consist of the dry and wet components, can be calculated by zenith delay and corresponding mapping function for the ground tracking stations. The wet delay adopts the estimated values from multi-GNSS PPP resolution, and the dry delay is computed by the Saastamonien model together with the Global Mapping Function (GMF) [25] [26] [27] . Besides, the DD observation models are sufficiently insensitive to the clock biases, as well as the code biases and the phase delay of satellite and receiver, which can be eliminated or weakened through between-station and between-satellite single differenced (SD) equations [10] . But these errors in simulating process are still taken into consideration to ensure the simulated data much closer to real data. The observation noises are simulated as a zero-mean normal distribution with the standard deviation (STD) dependent on satellite elevation angle, of which the STDs for each frequency are set to 20 cm and 2 mm for code and phase observation in the zenith direction, respectively [28] .
Combined GNSS/LEO RTK Observation Model
The observation models for combined GNSS/LEO RTK in this study have been of the short, medium, and long single-baseline types. Hence, the processing methods of atmospheric delay must be taken into account when it comes to different-length baseline situations. This determines whether the ionospheric and tropospheric residuals are used as parameter estimations in the DD observation equations. After constructing between-station and between-satellite SD equations based on above-mentioned (1) and (2), the delays common to satellite and station part can be eliminated or ignored. Considering the existence of DD ionospheric and tropospheric delay, the DD pseudorange and carrier-phase observation equations can be described as:
where L and G refer to LEO and GNSS system, respectively. The reference station is denoted using subscript r 1 , the rover station is denoted with a subscript r 2 . The index G 1 and L 1 stand for reference satellites of each system, while the non-reference satellites are denoted using G 2 and L 2 , respectively. The remaining symbols can refer to the meanings introduced in (1) and (2), but applicable for DD scheme here. Furthermore, it is worthy of indicating that all DD variables are expressed in meters, except the ambiguity which is expressed in cycles. And the label s is used to replace G and L for the sake of simply expression in (5) . Usually in the medium-to-long baselines, the relative slant ionospheric delays can be estimated as a parameter at each measurement epoch. For the tropospheric delay, the dry component is precisely corrected by a priori model, the wet component is estimated through setting up a zenith tropospheric delay (ZTD). Then, the linear observation equations of (3) and (4) can be expressed as:
where p and ϕ are the vectors of the observed-minus-computed code and phase observables, respectively; u is the corresponding design matrix that captures the relative receiver-satellite geometry; r is the 3-vector of incremental baseline coordinates; γ denotes the conversion factor of ionospheric delay from GNSS or LEO first frequency f 1 to current frequency f j , γ = f 2 1 / f 2 j ; i is the DD ionospheric slant delay at f 1 ; m is the mapping function to get wet ZTD τ; n is the unknown integer DD ambiguities; e and ε denote the vectors of unmolded effects and measurement noise, respectively. So the unknown parameter vector for medium and long baselines is:
where T means transpose of the vector, and we omit subscripts and superscripts in the equation for brevity. In terms of the short baseline, since the relative atmospheric delays can be assumed absent, the unknown parameter vector is:
For the combined GNSS/LEO RTK model, the observations from all satellites are processed simultaneously in a single adjustment. All unknown parameters are obtained by extended Kalman filter (EKF) estimator, then the well-known LAMBDA method is employed to solve the DD ambiguity-fixed problem [29] . After the validation by the simple ratio-test, the fixed solution of the non-ambiguity parameter vectors including the rover positions are obtained based on fixed ambiguity parameters. In addition, the detailed data processing strategy is presented in the subsequent section.
Situation and Strategy
In this section, we will introduce the constellation configuration, simulation situation, and data processing strategy, respectively. Firstly, four kinds of LEO constellations with different satellite numbers, as well as nominal GPS constellation with full operational capability, are adopted in order to investigate different LEO constellations augmented performances. Then, the station distribution and its support constellation are described, together with length information of different baselines. Finally, in terms of the short and medium-to-long baselines, different data processing strategies of RTK solutions are set to make a preparation for the assessment of combined GPS/LEO RTK for different length baselines in detail.
Constellation Configuration
In this work, four kinds of LEO constellations are simulated through Satellite Tool Kit (STK) [30] software to study the influence of LEO satellite number on augmented GNSS RTK performance, where 60-, 96-, 192-, and 288-LEO satellites schemes are selected for analysis, respectively. Aim for achieving the global coverage, these LEO satellites are allocated to 10 or 12 equally spaced orbital planes, with 6~24 satellites in each plane. Furthermore, these orbital planes of different LEO constellations, all belong to the polar circular orbits, are inclined at 90 • to the equatorial plane and 1000 km in altitude [23] . And the detailed information of four LEO constellations is given in Table 1 . Besides, the 24 GPS simulated satellites based on the nominal constellation configurations, are equally distributed over medium earth orbits and assigned in six orbital planes with a 56 • inclination angle at 20,180 km in altitude [31] . Slots for the GPS 24-slot constellation are specified in terms of the Right Ascension of the Ascending Node (RAAN) and the Argument of Latitude, all which are listed in Table 2 . Figure 1 shows the simulated constellations of GPS and LEO satellites, all of which clearly display the scale difference above the earth. As can be observed, the LEO satellites are very close to the earth, which means that the LEO satellites can move faster than GPS satellites during the same period. Compared with the 3.87 km/s operational speed and 11.97 h orbital period of GPS satellite, the LEO satellite at 1000 km orbit can reach speeds of 7.35 km/s and the correspondingly orbital period is about 1.75 h. However, at meanwhile, the above-mentioned phenomena also imply that the LEO constellation with smaller footprint must require more satellites to achieve global coverage. It is acknowledged that the 288-LEO scheme exhibits the best coverage of satellite visibility on a global scale. Based on Remote Sens. 2019, 11, 228 6 of 16 this, more numbers of LEO satellites transmitting GNSS-like signals will help to improve observation quality and utilization for the ground tracking stations. 
Simulation Situation
In order to investigate the performances of LEO constellation augmented GNSS RTK positioning with different length, we selected 19 Continuously Operating Reference Stations (CORS) run by U.S. National Geodetic Survey (NGS) at the mid-latitudes, which can provide the fixed station coordinates and support to track the real GPS constellation for ground-based observation simulation. The corresponding locations of the simulated stations are shown in Figure 2 , mainly in 30-48°N region. As can be observed, these mid-latitude CORS stations distributed at different distances constitute short, medium and long baselines. The small scale map presents the area where the five stations make up short baselines, while the larger one covering a wider area and more stations provides the possibility of forming medium-to-long baselines. And the specific lengths of all baselines are also given in Table 3 . Furthermore, considering that the low operating altitude of LEO satellites can cause the fast motion with respect to the ground stations in a relatively short period, the sampling interval of simulating observations is set 1 s in order to best analyze the effect of LEO satellites for GPS RTK positioning. 
In order to investigate the performances of LEO constellation augmented GNSS RTK positioning with different length, we selected 19 Continuously Operating Reference Stations (CORS) run by U.S. National Geodetic Survey (NGS) at the mid-latitudes, which can provide the fixed station coordinates and support to track the real GPS constellation for ground-based observation simulation. The corresponding locations of the simulated stations are shown in Figure 2 , mainly in 30-48 • N region. As can be observed, these mid-latitude CORS stations distributed at different distances constitute short, medium and long baselines. The small scale map presents the area where the five stations make up short baselines, while the larger one covering a wider area and more stations provides the possibility of forming medium-to-long baselines. And the specific lengths of all baselines are also given in Table 3 . Furthermore, considering that the low operating altitude of LEO satellites can cause the fast motion with respect to the ground stations in a relatively short period, the sampling interval of simulating observations is set 1 s in order to best analyze the effect of LEO satellites for GPS RTK positioning. Distribution of stations at the mid latitudes. The small map shows the stations constituting short baselines and the larger one is for medium-to-long baselines. Table 3 . Length information of the short, medium and long baselines at mid latitudes.
Short Baselines Medium Baselines
Long Baselines P696-P695 1.1 km P169-TRND 33.0 km P170-P339 138.2 km P698-P696 2.8 km SBCC-P474 44.2 km P698-P372 390.5 km P700-P695 4.7 km P446-P698 57.0 km P698-P663 514.7 km P700-P696 5.5 km P339-P341 68.7 km P698-P349 604.7 km P700-P701 6.8 km P164-P339 88.0 km P023-P343 739.2 km
Data Processing Strategy
According to the Table 4 , the estimated parameters, observation models and index settings of DD observables are showed to describe the data processing strategy for LEO augmented GNSS RTK in details. Then, based on above-mentioned simulated GPS and LEO observations, we can comprehensively analyze the RTK performances of different constellation schemes including the GPS-only scheme, as well as the combined constellation schemes of GPS with 60, 96, 192, and 288 LEO satellites, respectively. Especially for the different length baselines, the appropriate processing strategy must be adopted for the atmospheric residuals, otherwise it will hinder successful ambiguity resolution. Meanwhile, this study will only consider observation models of the single-baseline type, using two stationary receivers separated by different distances. This means that the ionospheric and tropospheric delay can be significantly reduced by forming DD observation equations for the short-range RTK solutions, but not for that of medium-and long-range baselines. However, the DD ionospheric and tropospheric delay can be set to zero initially and estimate them as a random walk in each processing session for medium-to-long baselines. Especially for the subsequent epoch, the atmospheric parameters and variances can employ the estimated results of last epoch as prior estimation values, where the atmospheric variances usually need to add a process noise. As for the vertical ionospheric delay, its process noise is set as 10 −3 /√ . So the empirical model can be expressed as follow:
where is the ionospheric process noise; denotes the spectrum densities of random process for ionospheric parameter; is the length of baseline; is the satellite elevation angle; ∆ is the sampling interval; is the coefficient to distinguish GPS and LEO satellite, which is set 1 for GPS satellite. Considering the fact that the different motion speed of GPS and LEO satellite leads to a ionospheric variation between adjacent epochs, the ionospheric process noise need to be adjusted for LEO-satellite observation. For the 30 s low sampling-interval data, the slant ionospheric delay varies a lot due to the fast motion of LEO satellite, thus the ionospheric process noise should be enlarged compared 
According to the Table 4 , the estimated parameters, observation models and index settings of DD observables are showed to describe the data processing strategy for LEO augmented GNSS RTK in details. Then, based on above-mentioned simulated GPS and LEO observations, we can comprehensively analyze the RTK performances of different constellation schemes including the GPS-only scheme, as well as the combined constellation schemes of GPS with 60, 96, 192, and 288 LEO satellites, respectively. Especially for the different length baselines, the appropriate processing strategy must be adopted for the atmospheric residuals, otherwise it will hinder successful ambiguity resolution. Meanwhile, this study will only consider observation models of the single-baseline type, using two stationary receivers separated by different distances. This means that the ionospheric and tropospheric delay can be significantly reduced by forming DD observation equations for the short-range RTK solutions, but not for that of medium-and long-range baselines. However, the DD ionospheric and tropospheric delay can be set to zero initially and estimate them as a random walk in each processing session for medium-to-long baselines. Especially for the subsequent epoch, the atmospheric parameters and variances can employ the estimated results of last epoch as prior estimation values, where the atmospheric variances usually need to add a process noise. As for the vertical ionospheric delay, its process noise is set as 10 −3 m/ √ s. So the empirical model can be expressed as follow:
where σ ion is the ionospheric process noise; q ion denotes the spectrum densities of random process for ionospheric parameter; bl is the length of baseline; el is the satellite elevation angle; ∆t is the sampling interval; k is the coefficient to distinguish GPS and LEO satellite, which is set 1 for GPS satellite. Considering the fact that the different motion speed of GPS and LEO satellite leads to a ionospheric
variation between adjacent epochs, the ionospheric process noise need to be adjusted for LEO-satellite observation. For the 30 s low sampling-interval data, the slant ionospheric delay varies a lot due to the fast motion of LEO satellite, thus the ionospheric process noise should be enlarged compared to that for GPS satellite. But for the high sampling-interval data, i.e., 1 s observation, it is usually insensitive to ionospheric variation. So in this study, the coefficient k for LEO satellite is also set 1 for the data with sampling interval. Meanwhile, it is noted that some cycle slip detection algorithms also need to be adjusted for LEO-satellite observation based on the above-mentioned consideration, such as the geometry-free combination method. The cycle-detection threshold can adopt a similar adjustment principle to that for the ionospheric process noise. For the tropospheric process noise, it is calculated by the process noise of wet ZTD and the sampling interval in this study, the empirical model can be expressed as follow:
where σ trop is the ionospheric process noise; q trop is the process noise of wet ZTD, which is set as 10 −4 m/ √ s. In addition, the code and phase error ratio of each frequency can be set based on an empirical value, e.g., 100:1. The observation weight is also used according to the criterion of elevation-dependent weight. Noteworthily, the large LEO constellation brings the challenge of high-dimensional ambiguity resolution. Once all ambiguities are simultaneously failed to fix, partial ambiguity-fixed strategy can be adopted to resolve a subset of the candidate ambiguities during data processing [32] . 
Table 4. Data processing strategy for LEO augmented GPS RTK (real-time kinematic).

Items Models
Satellites GPS (G); GPS+LEO (GL);
Performance of Different LEO Constellations Augmented GPS RTK
To get a representative evaluation of LEO constellations augmented GPS RTK with different numbers of LEO satellites, the 'P339-P341 baseline scheme is taken as an example to analyze the augmentation performance based on the simulated polar-orbiting data of 60, 96, 192, and 288 LEO satellites. The simulation data for ground stations covered 2 h from 12:30 to 14:30 on January 1, 2017, and which has been initialized to recalculate every half an hour in RTK positioning processing. Thus there are four computations for one baseline in 2-h observations to ensure the reliability of positioning results by using the statistical averages, including the average convergence time, time to first fix (TTFF), fixing ratio, visible satellite number, position dilution of precision (PDOP) value, and baseline solution precision. In this context, the convergence time is defined as the time required to keep horizontal errors Remote Sens. 2019, 11, 228 9 of 16 reaching and afterward remaining within 0.1 m. The fixing ratio reflects the ambiguity-fixed situation after the validation by the ratio-test with the critical value of 3, which can be defined as the ratio of the numbers of ambiguity-fixed epochs to the numbers of all epochs. The baseline solution precision is an indicator to directly judge coordinates accuracy in RTK solution, which can be expressed by the root mean square (RMS) errors after successfully fixing ambiguity in east, north and up baseline components. Moreover, the reference values of baseline components can be calculated in view of known station coordinates provided by NGS. Figure 3 presents the GPS RTK results with the augmentations of different LEO satellite numbers for 'P339-P341 baseline scheme. According to Figure 3a -c and the local enlarged Figure 4 , the introduction of LEO satellites does contribute for accelerating the convergence of GPS RTK, no matter in the east, north and up components. And observing more LEO satellites yields shorter convergence time. And we can also see that the precision of the vertical component is obviously worse than that of horizontal components. Figure 3d , e show the corresponding numbers of visible satellites and the PDOP values of different constellation schemes, respectively. Depending on the location of ground tracking station, the average number of tracked GPS-only satellites is 7.13 and the PDOP value is 1.97. When combining with 60-, 96-, 192-, and 288-LEO constellations, the visible satellite numbers can correspondingly increase by 1.1, 3.4, 6.8, and 9.5, respectively. Meanwhile, the average PDOP values can also decrease to 1.76, 1.57, 1.31, and 1.1, respectively. Besides, the fast movement of the LEO satellite can be observed from the rapid variation of PDOP values. as the ratio of the numbers of ambiguity-fixed epochs to the numbers of all epochs. The baseline solution precision is an indicator to directly judge coordinates accuracy in RTK solution, which can be expressed by the root mean square (RMS) errors after successfully fixing ambiguity in east, north and up baseline components. Moreover, the reference values of baseline components can be calculated in view of known station coordinates provided by NGS. Figure 3 presents the GPS RTK results with the augmentations of different LEO satellite numbers for 'P339-P341′ baseline scheme. According to Figure 3a -c and the local enlarged Figure 4 , the introduction of LEO satellites does contribute for accelerating the convergence of GPS RTK, no matter in the east, north and up components. And observing more LEO satellites yields shorter convergence time. And we can also see that the precision of the vertical component is obviously worse than that of horizontal components. Figure 3d , e show the corresponding numbers of visible satellites and the PDOP values of different constellation schemes, respectively. Depending on the location of ground tracking station, the average number of tracked GPS-only satellites is 7.13 and the PDOP value is 1.97. When combining with 60-, 96-, 192-, and 288-LEO constellations, the visible satellite numbers can correspondingly increase by 1.1, 3.4, 6.8, and 9.5, respectively. Meanwhile, the average PDOP values can also decrease to 1.76, 1.57, 1.31, and 1.1, respectively. Besides, the fast movement of the LEO satellite can be observed from the rapid variation of PDOP values. In order to analyze the baseline solution precision after fixing ambiguity, the mean RMS errors in the east, north, and up baseline components for different LEO constellation schemes are given in Table 5 . For the GPS-only scheme, the baseline solution precision is 0.77, 0.93, and 1.73 cm in east, north, and up baseline components, respectively. By introducing the different scales of LEO constellations, the RMS errors can be best reduced to 0.58, 0.65, and 1.37 cm, respectively. Obviously, whether or not to introduce LEO satellites, the RTK positioning precisions can all attain millimeter level in horizontal directions and centimeter level in the elevation direction after fixing DD ambiguities. Nevertheless, the larger LEO constellation is conducive to achieve more stable and better positioning accuracy. Such as 288-LEO constellation scheme, the solution precisions of east, north, and up baseline components can be increased by 25, 30, and 21%, respectively. In order to analyze the baseline solution precision after fixing ambiguity, the mean RMS errors in the east, north, and up baseline components for different LEO constellation schemes are given in Table 5 . For the GPS-only scheme, the baseline solution precision is 0.77, 0.93, and 1.73 cm in east, north, and up baseline components, respectively. By introducing the different scales of LEO constellations, the RMS errors can be best reduced to 0.58, 0.65, and 1.37 cm, respectively. Obviously, whether or not to introduce LEO satellites, the RTK positioning precisions can all attain millimeter level in horizontal directions and centimeter level in the elevation direction after fixing DD ambiguities. Nevertheless, the larger LEO constellation is conducive to achieve more stable and better positioning accuracy. Such as 288-LEO constellation scheme, the solution precisions of east, north, and up baseline components can be increased by 25, 30, and 21%, respectively. Table 5 . Statistics of the baseline solution precisions after fixing ambiguity in three directions. Figure 5 shows the average convergence time, TTFF and fixing ratio for different LEO constellations augmented GPS RTK solutions, respectively. We can find that the augmented performances are closely related to the numbers of LEO satellites. Along with the increasing LEO satellites, the average convergence time and TTFF of RTK positioning will be much shorter, as well as higher fixing ratio. Compared with the GPS-only scheme, the convergence time can be reduced from 4.94 to 2.73, 1.47, 0.92, and 0.73 min by combination with observations from 60, 96, 192, and 288 LEO satellites, respectively. And the TTFF can be shortened from 7.28 to 3.33, 2.38, 1.22, and 0.87 min, respectively. Furthermore, the corresponding fixing ratio can be increased by 11.85, 16.33, 19 .38, and 20.16%, respectively. Especially for 192-or 288-LEO constellation scheme, the improvements on RTK convergence and fixing speeds are more significant contrast to that of GPS-only, the convergence time can be shortened from about 5 min to within 1 min, where the TTFF is also realized from about 7 to about 1 min. Meanwhile, both schemes can reach above 95% average fixing ratio. Figure 5 shows the average convergence time, TTFF and fixing ratio for different LEO constellations augmented GPS RTK solutions, respectively. We can find that the augmented performances are closely related to the numbers of LEO satellites. Along with the increasing LEO satellites, the average convergence time and TTFF of RTK positioning will be much shorter, as well as higher fixing ratio. Compared with the GPS-only scheme, the convergence time can be reduced from 4.94 to 2.73, 1.47, 0.92, and 0.73 min by combination with observations from 60, 96, 192, and 288 LEO satellites, respectively. And the TTFF can be shortened from 7.28 to 3.33, 2.38, 1.22, and 0.87 min, respectively. Furthermore, the corresponding fixing ratio can be increased by 11.85, 16.33, 19.38, and 20.16%, respectively. Especially for 192-or 288-LEO constellation scheme, the improvements on RTK convergence and fixing speeds are more significant contrast to that of GPS-only, the convergence time can be shortened from about 5 min to within 1 min, where the TTFF is also realized from about 7 to about 1 min. Meanwhile, both schemes can reach above 95% average fixing ratio. Figure 6 shows 1-h sky plots (azimuth (0-360 • ) versus elevation (0-90 • )) of GPS with the augmentation of 60, 96, 192, and 288 polar-orbiting LEO satellites, respectively. As can be observed, the circular markers illustrate the positions of visible satellites at the initial epoch. Compared with the GPS-only scheme, the number of visible satellites is gradually increasing with the introduction of LEO satellites. At meanwhile, the LEO constellations consisting of 96, 162, and 288 satellites, as augmentations or complements to GPS satellites, can nearly fill the coverage gap above rover station, except that of 60 satellites. Moreover, noting that the GPS elevation mostly varies from 0 • to 30 • over an hour, while LEO satellites can streak much longer tracks with the elevation variations from 0 • to
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Assessment of Combined GPS/LEO RTK for Different Length Baselines
With the aforementioned characteristics of the LEO constellation augmented GPS RTK positioning, the RTK computations for 15 different length baselines, see Table 3 , are conducted in this section, just like 'P339-P341 baseline scheme. Afterward, we made simple statistics on the average convergence time and TTFF for each baseline type, and analyze the influences of LEO constellations on short-, medium-, and long-baseline solutions, respectively. Furthermore, it is noteworthy that the distinguishing atmospheric processing strategies must be taken into account for achieving better positioning performance under different circumstance.
RTK for Short Baselines
In this statistic analysis, 5 representative short baselines with lengths less than 10 km are chosen to evaluate the RTK performance with the augmentation of different numbers of LEO satellites, where the atmospheric residuals can be assumed absent through DD equations. Figure 7 shows the average convergence time and TTFF of different LEO constellations augmented GPS RTK solutions. It can be clearly found that the RTK solutions for short baseline schemes can easily converge or fix within a few seconds, whether or not LEO satellites are introduced. As the baseline range becomes much shorter, the augmented effectiveness gradually becomes unobvious for the LEO satellite numbers. After further statistics of average convergence time and TTFF of all short-baseline solutions, the 60-and 96-LEO schemes can achieve convergence and fixing in about 2 s, compared with that of about 4 s for the GPS-only scheme. And the slightly better augmentation performances can be realized within about 1 s for 192-and 288-LEO schemes.
Assessment of Combined GPS/LEO RTK for Different Length Baselines
With the aforementioned characteristics of the LEO constellation augmented GPS RTK positioning, the RTK computations for 15 different length baselines, see Table 3 , are conducted in this section, just like 'P339-P341′ baseline scheme. Afterward, we made simple statistics on the average convergence time and TTFF for each baseline type, and analyze the influences of LEO constellations on short-, medium-, and long-baseline solutions, respectively. Furthermore, it is noteworthy that the distinguishing atmospheric processing strategies must be taken into account for achieving better positioning performance under different circumstance.
RTK for Short Baselines
In this statistic analysis, 5 representative short baselines with lengths less than 10 km are chosen to evaluate the RTK performance with the augmentation of different numbers of LEO satellites, where the atmospheric residuals can be assumed absent through DD equations. Figure 7 shows the average convergence time and TTFF of different LEO constellations augmented GPS RTK solutions. It can be clearly found that the RTK solutions for short baseline schemes can easily converge or fix within a few seconds, whether or not LEO satellites are introduced. As the baseline range becomes much shorter, the augmented effectiveness gradually becomes unobvious for the LEO satellite numbers. After further statistics of average convergence time and TTFF of all short-baseline solutions, the 60-and 96-LEO schemes can achieve convergence and fixing in about 2 s, compared with that of about 4 s for the GPS-only scheme. And the slightly better augmentation performances can be realized within about 1 s for 192-and 288-LEO schemes. 
RTK for Medium-to-Long Baselines
In order to better investigate the augmentation performances of different LEO constellations for medium-and long-baseline RTK positioning, the medium baselines of 33.0, 44.2, 57.0, 68.7, and 88.0 km, as well as the long baselines of 138.2, 390.5, 514.7, 604.7, and 739.2 km, are selected for analysis from the perspectives of convergence time and TTFF. Meanwhile, it is noted that the DD ionospheric and tropospheric delays need to be considered as estimated parameters in medium-to-long baseline schemes. Figure 8 presents the average convergence time and TTFF of different-baseline schemes with the augmentations of different LEO constellations. It is obvious to see that the convergence time and TTFF are gradually getting longer with the increase of baseline length. For one specific baseline, the LEO constellation can make a significant contribution to the convergence and ambiguity-fixed performances. Especially for the 192-and 288-satellite constellations, the average convergence time and TTFF for all baselines can be shortened by about more than 80% and even reach to about 1 min. At 
In order to better investigate the augmentation performances of different LEO constellations for medium-and long-baseline RTK positioning, the medium baselines of 33.0, 44.2, 57.0, 68.7, and 88.0 km, as well as the long baselines of 138.2, 390.5, 514.7, 604.7, and 739.2 km, are selected for analysis from the perspectives of convergence time and TTFF. Meanwhile, it is noted that the DD ionospheric and tropospheric delays need to be considered as estimated parameters in medium-to-long baseline schemes. Figure 8 presents the average convergence time and TTFF of different-baseline schemes with the augmentations of different LEO constellations. It is obvious to see that the convergence time and TTFF are gradually getting longer with the increase of baseline length. For one specific baseline, the LEO constellation can make a significant contribution to the convergence and ambiguity-fixed performances. Especially for the 192-and 288-satellite constellations, the average convergence time and TTFF for all baselines can be shortened by about more than 80% and even reach to about 1 min. At meanwhile, it also can be found that the long-range improvement is a little better than medium-range one.
Further statistics about LEO constellation-augmentation performances in above-mentioned medium-and long-baseline schemes are demonstrated in Figure 9 . Through introducing LEO constellations consisting of 60, 96, 192, and 288 satellites, the correspondingly average convergence time for medium baselines can be shortened from 4.19 to 2.7, 1.54, 0.77, and 0.48 min, and that for long baseline are dramatically decreased from 8.55 to 4.56, 2.55, 0.96, and 0.80 min, compared with the GPS-only scheme. As for the average TTFF, the statistical time for medium baselines can be shortened from 7.11 to 4.03, 2.56, 1.22, and 0.90 min, respectively. More obvious improvement is observed for the long baselines, which can reduce the TTFF from 12.34 to 7.44, 3.62, 1.62, and 1.31 min, respectively. As a result, the convergence and ambiguity-fixed speeds of RTK positioning can indeed be significantly improved with the addition of LEO satellites. The larger LEO constellations, the better improvement.
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Conclusions
Aiming at investigating the performance of LEO constellations augmented GNSS RTK positioning, four kinds of LEO constellations with different satellite numbers and the nominal GPS constellation were adopted for analysis in this study. Based on the simulated GPS+LEO pseudorange and carrier-phase observations at the ground tracking stations, the augmentation performances of the single-baseline RTK solutions were comprehensively evaluated from the aspects of average convergence time, TTFF, fixing ratio, visible satellite number, PDOP value, and baseline solution precision.
As for the different scales of LEO constellations augmented GPS RTK solutions, it was found that the improvement performances are closely related to the number of LEO satellites. The more LEO satellites are available, the less convergence time and TTFF can be achieved in RTK positioning, as well as the higher fixing ratio. The corresponding statistical results from a 68.7-km scheme show that when introducing 60-, 96-, 192-, and 288-LEO constellations, the convergence time can be shortened from 4.94 to 2.73, 1.47, 0.92, and 0.73 min, respectively. Furthermore, the TTFF can be decreased to 3.33, 2.38, 1.22, and 0.87 min, respectively, compared with that of 7.28 min for GPS-only scheme. Meanwhile, the fixing ratio can be also increased by 11.85, 16.33, 19 .38, and 20.16%, respectively. Particularly, for 192-and 288-satellite LEO constellations, the improvement on RTK convergence and fixing is more obvious in contrast to that of the GPS-only scheme, where the convergence time and TTFF can be shortened to about 1 min and the average fixing ratio can reach above 95%. Owing to that more visible LEO satellites can move faster and streak longer tracks than GPS satellites during the same period, which contributes to the better geometric diversity at stations. Furthermore, the baseline solution precision is further analyzed to see whether or not similar RTK positioning precision can be obtained with the augmentations of different scales of LEO constellations after fixing DD ambiguities. It is found that adopting larger LEO constellations are conducive to achieve more stable and better positioning accuracy.
Considering that the improved performance may be associated with different length baselines, 15 sample baselines in mid-latitude regions were selected for analysis. For short-baseline schemes, the average convergence time and TTFF can easily reach to within a few seconds, whether or not to introduce LEO satellites. For the medium and long baseline schemes, the statistical results of all baselines confirm that more LEO satellites can achieve faster convergence and fixing, but we have also noticed that it is still difficult to achieve instantaneous ambiguity-fixing. Besides, the improvement of long-baseline scheme is more obvious than that of the medium-baseline scheme, and the average TTFF for the long baselines can be shortened by about 90% from about 12 to within 2 min while introducing the larger LEO constellation of 192 or 288 satellites. As similar improvement can be observed from the convergence time.
Overall, we made an initial assessment of GNSS RTK positioning augmented with LEO satellites and proved that the LEO satellites can helpfully improve convergence and ambiguity-fixed performance, which provides an important insight into the DD ambiguity resolution for the mediumand long-range RTK solutions. In future researches, further studies are therefore necessary to evaluate the LEO constellation-augmentation performance for multi-baseline RTK and PPP-RTK solutions. The configuration optimization and constellation design of LEO satellites remain to be explored. Besides, there are some limitations in current observation simulation. For example, the simulation and processing of atmospheric residuals do not take into account the effects of high-order errors, and the ionospheric delay simulated on GIM calculations may cause distortions. Moreover, the actual built LEO navigation augmentation system in future may also has many unknown errors like inter-frequency and inter-system biases, causing problems of whether the existing error-source models are suitable for LEO-satellite scheme and of how to improve the current multi-constellation fusion algorithm, which should be carefully considered in real data processing. With the continuous development of LEO satellites, more attentions should be paid to the new problems and challenges when achieving LEO-augmented positioning in practical use. Though more available observations contribute to better positioning performance, they also bring a higher requirement for hardware equipment to possess more computing power and speed in data processing. Meanwhile, the algorithm of the high-dimensional ambiguity resolution will also face challenges and need to be further optimized. Considering the appearance of larger and diversified constellation, the ground receiver must be capable of supporting so many signal channels, and the corresponding ability to receive and storage data also needs to be improved. In addition, the problem of multi-signal interference may happen due to the harmonic distortion or insufficient band-pass filtering. Once these negative side effects haven been solved or eliminated, higher precision and better performance from LEO-satellite augmentation positioning can be expected. 
